Abstract Recent research on the heat shock proteins (Hsps)
Introduction
Rheumatoid arthritis (RA) is the most common form of chronic inflammatory arthritis in humans (reviewed in Lee and Weinblatt 2001) . The pathogenesis of RA is unknown but it is thought that interplay between genetic factors, sex hormones, and possibly an infectious agent or another immune-activating agent initiates an autoimmune pathogenic mechanism resulting in inflammation and cartilage/ bone destruction. A strong evidence exists that the components of the immune system, especially autoreactive T and B cells, are involved in the inflammation and joint destruction (reviewed in Fournier 2005) .
CD4+ T cells are the dominant population of lymphocytes which play an essential role in immune response. They can be divided into four main functional subtypes, Th1, Th2, Th17, and regulatory T cells-Treg characterized by phenotype CD4+CD25 +high (reviewed in Skapenko et al. 2005; Bryl et al. 2009; Shahrara et al. 2008) . In RA, chronic inflammation is characterized by a dominant Th1 activation manifested by secretion of pro-inflammatory cytokines such as IL-2, TNFα, or IFNγ (reviewed in Skapenko et al. 2005) . The Th2 subset produces cytokines, including IL-4, IL-5, IL-6, and IL-10, which inhibit Th1 cell function and provide potent help for B-cell activation (reviewed in Skapenko et al. 2005; Lafaille 1998; Diehl and Rincón 2002; Taylor and Feldmann 2004) . Many studies suggest that induction of Treg cells is one of the host's natural mechanisms for controlling inflammatory responses (Ulmansky et al. 2002; de Kleer et al. 2004; Cobelens et al 2002; Wendling et al. 2000) . Some reports have also indicated a role for autoreactive CD8+ T cells in RA inflammation, via secretion of high amounts of proinflammatory cytokines such as TNFα and IFNγ (reviewed in Skapenko et al. 2005) .
Recently, a number of studies have investigated a role of the heat shock proteins (Hsps) in T-cell regulation in chronic inflammatory diseases and their outcome indicates that T-cell responses to Hsps have disease-suppressive activities through production of anti-inflammatory cytokines (van Eden et al. 2005; Zlacka et al. 2006; Wieten et al. 2007; van Eden et al. 2007) .
Heat shock proteins are a family of evolutionarily conserved proteins, which play an important role in cell physiology under normal and stress conditions. At times of cellular stress, including infection and chronic inflammation, the expression of Hsps is markedly elevated (reviewed in van Eden et al. 2005) . Hsps are also a group of major bacterial antigens (Albani et al. 1992) . The Hsps are classified into protein families based on their molecular weight, the major families being the Hsp70, Hsp60, Hsp90, Hsp100, Hsp40, and small Hsps. Their structure conserved from bacteria to man and high immunogenicity made them attractive targets for investigation in the area of autoimmunity, with the Hsp60 and Hsp70 being most extensively studied, especially since the discovery that T cells isolated from rats with adjuvant-induced arthritis were responding to mycobacterial Hsp60 (van Eden et al. 2005; Wieten et al. 2007; van Eden et al. 2007) . To the contrary, the research on Hsp40 involvement in autoimmune diseases, including RA, has been less extensive, in spite of the fact that Hsp40 is probably the largest Hsp family in humans, with at least 50 members (reviewed in Kampinga et al. 2009) .
Escherichia coli DnaJ is one of the immunogenic bacterial Hsp proteins and the model representative of the Hsp40 family. In the full-length E. coli DnaJ protein, there are four domains formed by 375 amino acid sequence. The amino-terminal 75 residues of DnaJ constitute an evolutionarily highly conserved motif, the J domain, which, together with the adjacent region, rich in glycine and phenylalanine, is essential for DnaJ's interactions with Hsp70 chaperone. Third domain, rich in cysteine residues, together with the least conserved C-terminal region, functions to bind substrate proteins (Qiu et al. 2006; Han et al. 2007 ; Fig. 1 ). Of human Hsp40, the Hdj1, Hdj2, and Hdj3 proteins are best characterized (Terada and Mori 2000) . Hdj2 and Hdj3 belong to the class I of Hsp40, possessing all the domains characteristic for DnaJ; Hdj1 belonging to the class II does not have the cysteine-rich domain (Cheetham and Caplan 1998; Terada and Mori 2000) .
The presence of antibodies against the E. coli DnaJ, in RA and juvenile rheumatoid arthritis (JIA), has been shown previously (Albani et al. 1994; Albani et al. 1995; Chukwuocha et al. 1999) as well as overexpression of human Hsp40s in the synovial tissue of patients with RA (Kurzik-Dumke et al. 1999) . We have previously shown, using a set of poly-and monoclonal antibodies directed to bacterial DnaJ, that human Hsp40 (Hdj1, Hdj2 and Hdj3) and bacterial DnaJ are immunologically similar, as the antibodies against DnaJ cross-react with these human proteins (Krzewski et al. 2003 and unpublished observations) . However, the humoral response against human Hsp40 antigens in RA is not known. Recently, it has been demonstrated that T cells from patients with JIA respond differentially to peptides derived from bacterial and human Hsp40s and that Hsp40s modulate autoimmune inflammation (Massa et al. 2007 ). This study points to Hsp40s as potential targets for immune therapy of various inflammatory diseases. At the same time it makes research on immunomodulatory effects of Hsp40 in other than JIA arthritic diseases important.
In this study, we have focused on characterization of humoral and cellular immune responses directed to bacterial DnaJ protein, and its human counterparts Hdj1, Hdj2, and Hdj3 proteins, as well as to separated N-and Cterminal domains of bacterial DnaJ and human Hdj2 in RA patients.
Material and methods

Patients and controls
All rheumatoid arthritis patients were diagnosed according to American Rheumatism Association criteria (Arnett et al. 2008) . Sera were obtained from 48 (46 females and two (Krzewski et al. 2003, modified) males) patients (mean age 46±16.7, range 20-80). The patients were divided into two groups according to their disease duration: those with the early onset (n=12; mean age 39.5±19.6, range 20-80), in which the disease lasted up to 1 year and those with advanced RA (n=36), in which the disease lasted longer than 1 year (mean age 49±15.4, range 21-74). Peripheral blood mononuclear cells (PBMCs) obtained from 22 RA patients were used for Tcell proliferation assay (mean age 43.5±15.2, range 22-70) and 14 for cytokine measurements (mean age 43±14.7, range 22-61). For controls, we used sera and PBMCs of sex-and age-matched healthy volunteers: 50 sera for antibody assays, 15 PBMCs for proliferation assay and 11 PBMCs for cytokine measurements (Table 1 ).
Consent
The study was approved by the Local Committee for Biomedical Research Ethics at the Medical University of Gdansk. All subjects were informed of the details of the experiment prior to the taking of a sample of 20-ml peripheral venous blood.
Antigens
The DnaJ, DnaJΔ1-199 (C-DnaJ), and Hdj1 proteins were overproduced in E. coli B178 cells transformed with plasmids pTTQ18/dnaJ (Zylicz et al. 1985) , pAED4/dnaJΔ1-199 (Doering 1992) , pET21d(+)/hdj1 (Freeman et al. 1995) , respectively and purified as described previously (Zylicz et al. 1985; Krzewski et al. 2003) . The DnaJΔ107-375 (NDnaJ) was overproduced in E. coli BL21(DE3)ΔdnaJ cells transformed with pKL51/dnaJΔ107-375 (received from Prof. K. Liberek, University of Gdansk-Medical University of Gdansk, Poland) and purified as described previously (Karzai and McMacken 1996) . Overproduction of Hdj3, Hdj2 proteins, and of the N-and C-terminal domains of Hdj2 (NHdj2 and C-Hdj2) was carried out in E. coli BL21(DE3) cells transformed with plasmids pT7-7/His 6 Hdj3 (Terada and Mori 2000) , pET24(+)/His 6 hdj2 (our collection), pET24(+) His 6 Hdj2Δ106-397 (our collection), and pET24(+) His 6 Hdj2Δ1-215 (our collection), respectively, and purified by affinity chromatography technique on Ni-NTA column according to the manufacturers' instructions (Qiagen). All Hsp40s purification procedures included hydroxyapatite chromatography (Bio-Rad). This procedure ensured that the human Hsp40s overproduced in bacterial cells were DnaJfree (Hdj1 was eluted by 90 mM phosphate buffer, DnaJ-by 140 mM, and Hdj2-by 300 mM). His 6 -tagged E. coli HtrA heat shock protein without proteolytic activity (Skórko-Glonek et al. 1995) overproduced in bacterial cells was purified as described before (Lipinska et al. 1990 ). Proteins were analyzed by SDS polyacrylamide gel electrophoresis and were at least 95% pure. Western blotting analysis, with the use of the anti-DnaJ, anti-Hdj1, anti-Hdj2, anti-Hdj3, antiDnaK, and anti-HtrA rabbit polyclonal sera (prepared as described previously in Krzewski et al. 2003) confirmed that the Hsp40 preparations were free of contaminations with other Hsps. Protein concentration was estimated by the Bradford method (Sambrook et al. 1989) . Lipopolysaccharide (LPS) content in protein preparations were assayed using the Limulus Amebocyte Lysate (LAL) Endotoxin Assay Kit (#L00350, GenScript, USA) and did not exceed 0.02 endotoxin units (EU)/μg.
ELISA assay
Enzyme-linked immunosorbent assay (ELISA) was performed as described previously by Krzewski et al. (2003) with minor modifications; 96-well medium binding ELISA plates (Costar 3590) were coated with 50 μl of each Hsp40 antigen (40 μg/ml) in phosphate buffer saline (PBS). After incubation at 37°C overnight, plates were washed in PBS and blocked with PBS containing 1% bovine serum albumin (Fluka) for 1 h at room temperature. Following the washing, the sera of RA patients or healthy subjects, RA (antibody assay) RA (T-cell proliferation) RA (cytokine assay) diluted in PBS (1:500), were added to the wells and incubated for 1 h at 37°C. After washing, the secondary mouse-anti-human Fc IgG antibodies coupled with horseradish peroxidase (HRP; Sigma) were added to the wells (1:2,000). After 1 h of incubation at 37°C and washing step, the HRP substrate, tetramethylbenzidine (Sigma), was added. After 15 min of incubation at room temperature, the reaction was stopped with the addition of 1 M H 2 SO 4 . The optical density was measured at 450 nm using an ELISA plate reader (Asys Hitech GmbH, Austria).
Proliferation assay
Peripheral blood mononuclear cells were isolated from venous blood by Histopaque™ (Sigma, Poland) density centrifugation. PBMCs were washed and stained with 10 μM carboxyfluorescein diacetate succinimidyl ester (CFSE, Sigma, Poland) according to Hasbold et al. (1999) . Labeled PBMCs were resuspended to 1×10 6 per 2 ml of medium (RPMI 1640 supplemented with 10% fetal bovine serum, 2 mM L-glutamine, and penicillin/streptomycin antibiotics-all components from Sigma, Poland), and cultured and stimulated with 0.25 μg immobilized anti-CD3 (DAKO Cytomation, Poland) in 24-well culture plates in 5% CO 2 at 37°C, with or without 1 μg/ml of antigen (DnaJ, Hdj1, Hdj2, and Hdj3). After 72 and 120 h of incubation, CFSE-labeled PBMCs were collected and stained with phycoerythrin (PE)-conjugated anti-CD4 and PE-Cy5-conjugated anti-CD8 monoclonal antibodies (DAKO, Poland). The proliferation of PBMCs was analyzed by flow cytometry (FACScan Becton Dickinson) and interpreted by WinMDI 2.8 software. Percentage of proliferation was defined as the fraction of cells which have divided at least once, as described previously (Verhoef et al. 2005 ) and explained in Fig. 3a .
Cytokine measurements
Supernatants of the PBMCs cultures (obtained in the proliferation assays, see above) were collected after the incubation for 120 h with or without an antigen (bacterial DnaJ or human Hdj2). Cytokines (INFγ, TNFα, IL-6, IL-4, IL-10 and IL-2) were measured by the flow cytometric bead array, using human Th1/Th2 cytokine kit CBA™ (Becton Dickinson, Poland).
Measurement of rheumatoid factor was done using the latex method
Statistical analysis
Statistical analysis was performed using the SPSS 12.0 for Windows program. The normality distribution was analyzed using the Shapiro-Wilk test. Non-normal data were analyzed using the Mann-Whitney U test for unpaired samples or the Wilcoxon signed-rank test for related samples and Spearman's rank correlation test. P values less than 0.05 were considered significant.
Results
The levels of antibodies against bacterial Hsp40 DnaJ and human Hsp40 (Hdj2 and Hdj3) proteins are increased in the sera of RA patients Using ELISA test we found that the sera of the RA patients contained a significantly elevated levels of the anti-DnaJ (Fig. 2a) , anti-Hdj2 (Fig. 2c) , and anti-Hdj3 (Fig. 2d) antibodies, compared to the sera of healthy control individuals (P≤0.001). There was no significant difference between the levels of the anti-Hdj1 autoantibodies of the RA and control group (Fig. 2b) . The above findings applied to both early and advanced stages of the disease.
To investigate whether the humoral responses to the highly evolutionarily conserved J domains and to the poorly conserved C-terminal domains of bacterial and human Hsp40 proteins differed, we used as antigens mutant DnaJ and Hdj2 proteins, containing either the J domain or the C-terminal domain (Fig. 1) . Out of the human Hsp40 group of proteins we have chosen Hdj2 because of the high level of anti-Hdj2 antibodies in both RA and control groups (Fig. 2c) . The levels of the antibodies against the J domains of both DnaJ (Fig. 2e) and Hdj2 (Fig. 2f) were significantly increased in the RA patients' sera compared to healthy controls (P≤0.01 and P≤0.001, respectively). In the case of the C-terminal domains, a significant increase was observed for C-DnaJ (P≤0.01) in early RA patients (Fig. 2g) but not for C-Hdj2 (Fig. 2h) . In the case of DnaJ, there was a markedly higher response to the J domain than to the C domain both in the RA and control sera (Fig. 2e, g ). Interestingly, we did not observe such phenomenon for Hdj2, where responses to its both domains were similar (Fig. 2f, h) ; they also were higher compared to the anti-JDnaJ and anti-C-DnaJ (Fig. 2e, g ).
We found that humoral response of RA patients directed to DnaJ and C-Hdj2 positively correlated (r=0.374, P= 0.019 and r=0.350, P=0.029 respectively) with the stages of joint damage (Steinbrocker's criteria). The level of anti-C-Hdj2 antibodies correlated positively (r=0.349, P= 0.023) with the erythrocyte sedimentation rate (ESR). Additionally, the level of autoantibodies against Hdj1 positively correlated (r=0.309, P=0.047) with the disease activity according to Disease Activity Score (DAS28) index (Table 2) . We observed that levels of antibodies against both J and C-terminal domains of DnaJ were lower in the advanced RA patients compared to the early onset ones (Fig. 2e, g ; P≤0.05) and the response against the whole DnaJ antigen also tended to be decreased at the advanced stage of RA (Fig. 2a) . We did not find any significant differences in reaction of early and advanced RA sera with Hdj2 or its separate domains (Fig. 2c, f, h ). These results indicate that while humoral response against DnaJ is higher at the early stage of RA as compared to the advanced stage of the disease, the antibody production against Hdj2 remains high independently of the RA stage.
Fifty percent of the RA patients involved in this study were rheumatoid factor (IgM)-positive (Table 1) but there were no differences between the reactivity of the RFpositive and the RF-negative RA sera with any of the investigated Hsp40 antigens (results not shown).
Bacterial DnaJ and human Hdj1, Hdj2, and Hdj3 proteins inhibit proliferation of the peripheral blood T cells from RA patients
We analyzed proliferation of the T CD4+ and T CD8+ cells in response to the DnaJ, Hdj1, Hdj2, and Hdj3 proteins and found that none of these Hsp40 antigens alone stimulated proliferation of the CD4+ or CD8+ cells after 72 h of culturing, compared to the cells not challenged with antigen (not shown).
Furthermore, all Hsp40 antigens significantly inhibited proliferation of the CD4+ and CD8+ lymphocytes of the RA patients stimulated with anti-CD3 in vitro while there was no significant inhibition of the healthy controls' lymphocytes stimulated with anti-CD3 and exposed to Hsp40 (Fig. 3a, b, c) .
In the first experiments, we have included His 6 -tagged HtrA heat shock protein of E. coli as a control non-Hsp40 protein and, since it had no significant effect on T cells (not shown), we assumed that the observed inhibition of T-cell proliferation was specific for Hsp40s.
There were no significant differences in the proportion of proliferating, antigen-untreated T (CD4+ and CD8+) cells of the RA patients and healthy controls (Fig. 3b, c) .
Immunomodulatory effect of bacterial DnaJ and human Hdj2 on the cytokine secretion by PBMCs of RA patients
We measured effect of Hsp40 proteins on secretion of cytokines by the PBMCs from RA patients and healthy controls. Cytokines were assayed in supernatants of PBMCs' cultures exposed for 120 h to DnaJ or Hdj2. The presence of DnaJ or Hdj2 considerably induced secretion of IL-6 in both the RA (P=0.001) and control cultures (P=0.005) compared to the cells untreated with antigen (Fig. 4c) . The PBMCs from RA patients (13 out of 14 tested), cultured with DnaJ or Hdj2, secreted a significantly higher amount (P≤0.05) of IL-10 compared to the untreated cultures (Fig. 4a) . Contrary to this, there was no significant effect of DnaJ or Hdj2 on IL-10 secretion by the control PBMCs (Fig. 4a) ; however, the level of IL-10 tended to be decreased in response to the antigens.
TNFα secretion by the PBMCs of RA patients and healthy controls was reduced in response to DnaJ (P≤0.05; Fig. 4b) We found no significant influence of the Hsp40 on secretion of INFγ (Fig. 4d) , IL-4 (Fig. 4e) , or IL-2 (Fig. 4f ) in both the RA and control cultures. Similar results were obtained for cultures exposed to antigens for a shorter time period (72 h; not shown).
While comparing the cytokine levels of the RA patients and healthy controls, the only significant difference was found in the case of PBMCs not challenged with Hsp40 and IL-6 (P=0.036; Fig. 4c ).
Discussion
We found that sera of the early and advanced RA patients contained a significantly elevated levels of the anti-DnaJ, anti-Hdj2, and anti-Hdj3 antibodies, compared to the sera of control individuals, while there was no significant difference between the levels of the anti-Hdj1 autoanti- Table 2 Correlation of the levels of anti-Hsp40 antibodies (IgG) in sera of RA patients with DAS28, Steinbrocker's rtg staging (I-IV), and erythrocyte sedimentation rate Anti-DnaJ Anti-Hdj1 Anti-Hdj2 Anti-Hdj3 Anti-N-DnaJ Anti-C-DnaJ Anti-N-Hdj2 Anti-C-Hdj2 bodies in the RA and control group. These results suggest involvement of the anti-DnaJ, anti-Hdj2, and anti-Hdj3 responses in RA. To the best of our knowledge, this is the first report showing an increase of the humoral response against human Hsp40 Hdj2 and Hdj3 in RA. Furthermore, we found that the levels of the antibodies against the evolutionarily conserved J domains of both DnaJ and Hdj2 were significantly increased in the RA patients' sera compared to healthy control, which suggests involvement of the Hsp40 J domains in the humoral immune response in RA. In the case of the C-terminal domains, an increase was observed for C-DnaJ in early RA patients but not for CHdj2. In the case of DnaJ, there was a markedly higher response to the J domain compared to anti-C domain both in the RA and control sera, suggesting that the J domain is more immunogenic. Interestingly, in RA patients, the responses to both Hdj2 domains were similar and also higher compared to the anti-DnaJ response. This suggests that, in case of Hdj2, both J and C domains are highly immunogenic.
The enhanced levels of anti-Hsp40 antibodies in RA patients could result from increased expression of Hsp40 at the sites of inflammation. On the other hand, the humoral immune response directed to Hsp40 in RA patients could be a regulatory mechanism which participates in RA limitation, as described previously in the model of adjuvant-induced arthritis in rats where a specific group of anti-Hsp65 antibodies induced suppression of arthritis or disease resistance (Ulmansky et al. 2002) .
Our findings concerning anti-DnaJ response are in agreement with the early observations of Albani (Albani et al. 1995) , which showed that the synthetic dnajP1 peptide containing a 15-amino acid sequence of the J domain of E. coli DnaJ (including the "shared epitope" sequence QKRAA), reacted preferentially with sera of the RA patients compared to the healthy controls. It should be noted that the human Hsp40s do not contain the "shared epitope" sequence; however, the identity of the J domains of DnaJ and Hdj2 is approximately 50%.
We observed several positive correlations between the anti-Hsp40 humoral response and RA manifestations, namely between (1) anti-DnaJ or anti-C-Hdj2 and stages of joint damage (Steinbrocker's criteria) and (2) anti-CHdj2 and ESR. The above correlations support suggestion that Hsp40s may participate in the pathomechanisms of RA in humans. A correlation between the level of humoral response and Steinbrocker's stages was demonstrated previously for another class of Hsps, the Hsp70 (Zlacka et al. 2006) .
Our results indicated that while the anti-DnaJ response is lower at the advanced compared to the early RA stage, the anti-Hdj2 response is maintained at a high level at both stages. It is tempting to speculate that the anti-DnaJ response could be due to a bacterial infection occurring at the onset of the disease; this might trigger events leading to response against autologous Hsp40 and the latter would be continued through the later stages of RA while the antiDnaJ response would decline when the infection has been eliminated. The development of the response against autologous Hsp40 could be generated via the epitope spreading mechanism. Such phenomenon has been described recently for citrullinated antigens in collageninduced arthritis in mice (Kidd et al. 2008) .
To find out if bacterial and human Hsp40 have an immunomodulatory effect in RA, we investigated their influence on T cell response and found that all tested Hsp40s (bacterial DnaJ and human Hdj1, Hdj2, and Hdj3) inhibited proliferation of stimulated CD4+ or CD8+ T cells in PBMCs cultures of RA patients but not those of healthy controls. We believe that this is the first description of the regulatory effect of human Hsp40s on T cells from RA patients. Previous study on T-cell response to bacterial Hsp40 showed that the dnaJP1 peptide stimulated T cells of the early onset RA patients (Albani et al. 1995) . The reason why we failed to observe a similar result could be due to the difference in methods used to assay T-cell proliferation (we applied flow cytometry to determine the proportion of dividing cells in either CD4+ or CD8+ population while in the earlier work DNA replication was assayed by [ 3 H] thymidine incorporation) or to the fact that we tested whole antigens, not a selected epitope. Our results however are more consistent with the findings of McColl et al. (1997) who did not observe increase in T-cell response to dnaJ peptides encompassing the "shared epitope". These discrepancies show the importance of the antigen/epitope used for the proliferation assays.
In the past, reactivity to heat shock proteins has been thought to be associated with development of autoimmune diseases (Albani et al. 1992 (Albani et al. , 1994 (Albani et al. , 1995 . However, recent studies (Prakken et al. 2002a, b; Kamphuis et al. 2005; Massa et al. 2007) indicate that recognition of peptides derived from heat shock proteins by the immune system can have an anti-inflammatory effect and down-regulate chronic state of inflammation. The reduction of T-cell proliferation in the presence of Hsp40s, observed in our study, indicates that a down-regulation of immune response by Hsp40 may occur in RA. We assume that the downregulation is antigen-specific, since a non-Hsp40 protein (His 6 -HtrA of E. coli) had no significant effect on the T-cell proliferation. However, the underlying mechanism of the observed suppression remains to be elucidated. It could be either the result of direct interactions of the Hsp40s with the T cells or the effect of Hsp40s acting via T cells with regulatory phenotype (Treg CD4+CD25+ high ) (reviewed by Wieten et al. 2007 ). Treg cells induced by a peptide derived from human Hsp40 have been shown previously to downregulate proliferation of synovial fluid mononuclear cells (SFMCs) of JIA patients (Massa et al. 2007) . In order to determine whether the response of T cells of RA patients to Hsp40s might be mediated by Treg cells, the percentage of CD4+CD25+ high cells following incubation with antigen should be assayed, as well as FoxP3 and IL-10 expression of the Tregs. Finally, effects of addition of FACs-sorted Tregs to the PMBCs cultures should be monitored. Paralelly, proliferation of the sorted CD4+CD25− cells exposed to the antigens should be tested. Such experiments are planned to be performed. There is also a possibility that Hsp40s action could be mediated through innate receptors. Such regulation has been demonstrated in the case of Hsp60 which were found to enhance Tregs to downregulate CD4+CD25− or CD8+ target T cells via innate TLR signaling (Zanin-Zhorov et al. 2006) .
The suppressive action of Hsp40s on T-cell proliferation of the RA patients and, at the same time, high levels of antiHsp40 antibodies in their sera, pose an intriguing problem. However, influence of Hsp40s on proliferation of B cells, responsible for antibody production, has not been tested, as it was beyond scope of this work. It is possible that proliferation of B cells is stimulated by the Hsp40 induced at the sites of inflammation, in spite of the lack of T-cells proliferation. As shown in this work, PBMCs are stimulated by Hsp40s to secrete cytokines, including IL-6, known to promote B-cell maturation. This stimulation is much higher in RA patients compared to the controls. Therefore, it is feasible that intensified production of cytokine(s) by T-cells makes up for the lower number of the latter and anti-Hsp40 antibodies are produced. Massa et al. (2007) observed that peptides derived from human Hsp40s had an anti-inflammatory effect in juvenile idiopatic arthritis manifested by increasing IL-10 secretion in SFMCs culture. To investigate the potential regulatory role of Hsp40 proteins in rheumatoid arthritis, which is an arthritic disease different from JIA, we assayed cytokine production by PBMCs cultures exposed to DnaJ or Hdj2. Both antigens significantly stimulated secretion of the main anti-inflammatory cytokine IL-10 by the PBMCs of RA patients, but not of the healthy control group, suggesting the anti-inflammatory character of both bacterial and human Hsp40s in RA. It should be noted that in the earlier work (Massa et al. 2007 ) the peptides derived from bacterial Hsp40 (DnaJ) had an opposite, pro-inflammatory effect. Observed difference in reaction to DnaJ in Massa et al. (2007) and our studies could be due to different regulatory mechanisms in RA and JIA, to the fact that we used whole antigens, not single epitopes, or to different reactions of SFMCs and PBMCs. Irrespective of these differences, both studies point to the anti-inflammatory character of human Hsp40 proteins in arthritic diseases.
We noted that secretion of the pro-inflammatory cytokine TNFα, by the PBMCs of both RA patients and healthy control group, was reduced in response to DnaJ. The observed decrease of TNFα as well as increase of the IL-10 secretion by PBMCs are consistent with the hypothesis that Hsp40s have an anti-inflammatory effect in RA.
We found that presence of DnaJ or Hdj2 drastically induced secretion of IL-6 by the RA and control PBMCs. One of the main roles of IL-6, belonging to the Th2 group of cytokines, is to participate in B cells maturation to produce antibodies (Lafaille 1998; Diehl and Rincón 2002; Taylor and Feldmann 2004) . There is a possibility that the observed increase in humoral anti-Hsp40 response in RA patients could be associated with stimulation of Th2 cells by Hsp40s. The idea that Hsp40s stimulate Th2 cells in RA is also supported by the described increase of IL-10 secretion in the presence of DnaJ or Hdj2.
Significant difference between the cytokine secretion levels in PBMCs cultures (not challenged with Hsp40) of patients and controls were found only for IL-6, whose level was decreased in RA. This does not reflect the situation in peripheral blood, where concentration of IL-6 was increased in RA patients compared to healthy controls (not shown). However, it is worth noticing that stimulation of IL-6 secretion by Hsp40 was much higher in the case of the RA PBMCs (approximately 40-fold) than in the case of control PBMCs (eight-to ninefold stimulation)-such high stimulation by antigens could explain the observed discrepancy regarding IL-6 between the cultured PBMCs and blood serum.
Since the PBMCs cultures contain not only T cells but also other lymphocytes, monocytes, and macrophages, it is not possible at this stage to state which cells are responsible for the Hsp40-modulated production of cytokines. This problem will be an object of further investigations.
Recently, the presence of LPS contaminations in preparations of Hsp60 (Osterloh et al. 2004) or Hsp70 (Motta et al. 2007 ) has been shown to affect immunomodulatory influence of the Hsps on macrophages, T cells and dendritic cells. Generally, LPS acted as a pro-inflammatory agent and the major effect was an increase in TNF-α production. Since we observed that our Hsp40 preparations caused either a decrease of TNF-α secretion (DnaJ) or had no effect on TNF-α level (Hdj2) in PBMCs cultures, we assume that possible contaminations with LPS did not have a significant effect on our results. Furthermore, using the LAL Endotoxin Assay, we found that LPS levels were below 0.02 EU/ml. Such low levels were probably due to the fact that we included hydroxyapatite chromatography as one of the purification steps, the procedure known to efficiently remove endotoxins (Gagnon 2009 ). According to Osterloh et al. (2004) , the threshold amount of LPS activating TNF-α secretion by macrophages was 0.1-1.0 EU/ml.
In conclusion, our results show for the first time that the RA patients have an increased humoral response to human Hsp40 proteins Hdj2 and Hdj3. This is also the first description of immunomodulatory effect of human Hsp40 proteins on T cells in RA, manifested by the reduction of T cells' proliferation and stimulation of the main antiinflammatory cytokine IL-10, suggesting that Hsp40s act as natural anti-inflammatory agents in RA. Thus, we assume that Hsp40s could be considered as a potential target for designing new anti-inflammatory therapies in RA.
